Circadian clocks regulate the temporal organization of several biochemical processes including lipid metabolism and their disruption leads to severe metabolic disorders. Immortalized cell lines acting as circadian clocks display daily variations in [ 32 P]-phospholipid labeling; however, the regulation of glycerophospholipid (GPL) synthesis by internal clocks remains unknown. Here we found that arrested NIH 3T3 cells synchronized with a 2 h-serum shock exhibited temporal oscillations in: a) the labeling of total [ 3 H]-GPLs, with lowest levels around 28 and 56 h, and b) the activity of GPL-synthesizing and -remodeling enzymes such as phosphatidate phosphohydrolase 1 (PAP-1) and lysophospholipid acyltransferases (LPLAT) respectively, with antiphase profiles. In addition, we investigated the temporal regulation of phosphatidylcholine (PC) biosynthesis. PC is mainly synthesized through the Kennedy pathway with Choline Kinase (ChoK) and CTP:phosphocholine cytidylyltranferase (CCT) as key regulatory enzymes. We observed that the PC labeling exhibited daily changes with the lowest levels every ~28 h that were accompanied by brief increases in CCT activity and the oscillation in ChoK mRNA expression and activity. Results demonstrate that the metabolisms of GPLs and particularly of PC in synchronized fibroblasts are subject to a complex temporal control involving concerted changes in the expression and/or activities of specific synthesizing enzymes.
Introduction
Circadian clocks are present in most living organisms and regulate a number of physiological and behavioral rhythms with a period near 24 h (1). In mammals, a master pacemaker located in the hypothalamic suprachiasmatic nuclei (SCN) and a number of peripheral oscillators distributed in different organs and tissues have been described (2) . Moreover, several types of isolated single cells, immortalized cell lines and primary cell cultures present rhythms in gene expression and metabolic activities (3-5) (Suppl. Fig. 1A) . At the molecular level, the clock is controlled by a transcriptional/translational feedback circuitry that generates circadian patterns of gene expression (2) . Several transcriptomic, proteomic and metabolomic studies in different mammalian tissues and cultured cells reveal a strong crosslink between the metabolism and the circadian clock (6) (7) (8) (9) (10) (11) (12) (13) . In fact, circadian clocks located throughout the entire body govern a wide array of physiological functions including those related to lipid metabolism (9) (10) (11) 14) .
Disruption of circadian clocks at the molecular level leads to metabolic disorders including obesity and diabetes (15) (16) (17) (18) (19) (20) .
Glycerophospholipids (GPLs) are essential structural components of all biological membranes and bioactive molecules involved in cellular functions such as cell signaling, energy balance, vesicular transport and cell to cell communication (21, 22) . GPLs are first synthesized from glycerol-3-phosphate via de novo pathway described by Kennedy and Weiss in 1956 (22, 23 ) (see Scheme 1) and then undergo maturation in the remodeling pathway (Lands´ Cycle) as a result of the concerted action of phospholipase A (PLA) and lysophospholipid acyl transferases (LPLAT) (24, 25) .
As a fundamental phospholipid in all eukaryotic membranes, PC plays an important role in the structural composition of membranes and in the generation of second messengers involved in key regulatory functions and other processes (26) (27) (28) . PC synthesis is crucial for cell growth, by guest, on August 15, 2017 www.jlr.org Downloaded from proliferation and survival (29) . In mammals, the disruption of genes encoding phospholipid biosynthetic enzymes has severe physiological consequences or lethality (30) . In most nucleated cells, the biosynthesis of PC occurs via the Kennedy pathway involving 3 enzymatic steps catalyzed by choline kinase (ChoK), CTP: phosphocholine cytidylyltranferase (CCT) and CDPcholine:1,2-diacylglycerol cholinephosphotransferase (CPT) (Scheme 1). CCT activity is considered to be the rate-limiting and regulatory step under most metabolic conditions (31) .
However, it has been demonstrated that the availability of DAG and regulation of ChoK also influence PC biosynthesis (27, 32, 33) . In most mammals, there are two genes encoding for ChoK: Chka codes for ChoKα1/2 and Chkb codes for ChoKβ (34, 35) . Mice lacking ChoKα die early in embryogenesis whereas mice lacking ChoKβ survive to adulthood (30) . ChoK overexpression has been implicated in the development of human carcinogenic processes (36, 37) . In mice there are two genes for CCT: Pcyt1a encodes the CCTα protein from alternative transcripts termed CCTα1 and CCTα2 and the Pcyt1b gene encodes the CCTβ2 and CCTβ3 proteins from the differentially alternative spliced mRNAs CCTβ2 and CCTβ3 (38) .
Several studies have reported the regulation of PC biosynthesis during the cell cycle, which is consistent with a higher PC mass requirement prior to mitosis (39) . In addition, one report showed day/night changes in the content of PC and other phospholipids in the cerebral cortex of rats maintained under a light-dark cycle (40) . Nevertheless, the synthesis of PC has not yet been investigated under constant environmental conditions to reveal whether temporal changes may be generated in an endogenous and self-sustained manner as expected for circadian rhythms. In this regard, we have previously demonstrated that de novo synthesis of whole phospholipids in retinal neurons in vivo or in vitro (41) (42) (43) and in quiescent fibroblasts synchronized by a serum shock is controlled by a circadian clock (4, 14) .
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In this work, we investigated whether the GPL metabolism is temporally regulated at early steps of de novo biosynthesis and remodeling. In addition, we addressed whether the synthesis of PC changes throughout the day, and if so, how this event may be regulated. To this end, we performed circadian studies in arrested NIH 3T3 cells after serum shock synchronization. We first examined the temporal regulation of total GPLs by metabolic labeling 
Cell Cultures
NIH 3T3 fibroblasts were grown in Dulbecco modified Eagles medium (DMEM, Gibco)
supplemented with 10% calf serum (CS) (Gibco). Cells reached confluence after ~4 days in CO 2 incubator at 37 C. At time 0, the medium was changed to 50% horse serum (Gibco-BRL,)-rich medium. After 2 h, the medium was replaced with serum free-DMEM or DMEM plus 0.5% CS and maintained under this condition for several days according to Balsalobre et al. (3, 4) .
Phospholipid Labeling
The 
Determination of Radioactivity in Phospholipids
The labeling of phospholipids was determined according to Guido and Caputto by the TCA-PTA method (46) . Total phospholipids were extracted with chloroform/methanol (2:1, v/v) and radioactivity was determined in a liquid scintillation counter.
Chromatographic Separation of Individual Phospholipids
Individual phospholipids were separated in silica gel 60 plates (from Macherey-Nagel; Duren, Germany) by a 1-D two-solvent system procedure described in Weiss et al. (47 
RNA isolation and Reverse transcription
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Total RNA was extracted from NIH 3T3 cells using TRIzol® reagent following the manufacturer´s specifications (Invitrogen). The yield and purity of RNA were estimated by optical density at 260/280 nm. 1 µg of total RNA was treated with DNAse (Promega) and utilized as a template for the cDNA synthesis reaction using ImPromII reverse transcriptase (Promega) and an equimolar mix of random hexamers and oligo-dT (Biodynamics) in a final volume of 25 µL according to the manufacturer´s indications.
PCR assay (endpoint PCR)
The primers used for RT-PCR are listed in Table 1 . The polymerase chain reaction was performed in a Labnet Multigen Thermal cycler using the GoTaq® DNA Polymerase (Promega).
PCR reactions were carried out with an initial denaturation step of 5 min at 94°C, 35 cycles of 30-40 s at 94°C, 30 s at 60ºC and 40 s at 72°C, and a final 5-min elongation step at 72°C.
Amplification products were separated by 1% agarose gel electrophoresis and visualized by ethidium bromide staining.
Real-time PCR (qPCR)
Quantitative RT-PCR was performed using SYBR Green or TaqMan Gene Expression Assays in a Rotor Q Gene (QIAGEN). The primer/probe sequences are summarized in Suppl. 
Immunocytochemistry
The NIH 3T3 were cultured as described previously on 10 mm cover-slips to ∼70-80% 
Western Blot
NIH 3T3 fibroblasts were harvested at different times after the serum shock in RadioImmunoprecipitation-Assay (RIPA) buffer containing protease inhibitor (Sigma). Total protein content in the homogenates was determined by Bradford's method (45) . Homogenates were resuspended in sample buffer and heated at 90°C for 5 min. 50 µg of protein were separated by SDS-gel electrophoresis on 12% polyacrylamide gels according to (55) . Primary antibodies were incubated overnight at 4°C and secondary antibodies were incubated 1 h at room temperature.
Finally the membranes were scanned using an Odyssey IR Imager (LI-COR Biosciences).
Densitometric quantification of specific bands was carried out with ImageJ software (National Institute of Health Bethesda, Maryland, USA).
Propidium Iodide Staining and Flow cytometry
Cells grown to confluence were collected at different times after synchronization (0, 2 and 24 h), to determine the p-value as described by MARDIA (56) . The analysis considered a period (τ) of 14, 28 and 35 h and significance at p<0.05.
Results

Characterization of Cell Culture Conditions
To investigate the circadian regulation of GPL synthesis in NIH 3T3 cells, we first characterized the experimental culture conditions. To this end, cells grown to confluence and synchronized with a 2 h-serum shock were maintained in a basal serum (≤0.5%)-medium for several days.
A synchronization protocol is essential to adjust single cell-autonomous oscillators to the same phase within the culture. Cells synchronized with a brief serum shock displayed a marked circadian rhythmicity in mRNA levels of the clock gene Bmal1 during 56 h after synchronization (Suppl. Fig.1 ) as previously reported (3) (4) (5) . We examined whether cells undergo an important rate of cell division after the serum shock since it may serve as a mitotic stimulus. We found by flow cytometry that most cells were arrested at the G 0 /G 1 phases (~90%) while <1% and ~9% of cells reached the G 2 /M and S phases respectively (Suppl. Fig. 1 ). The distribution of cell populations throughout the cell cycle remained constant at all times examined (0, 2 and 24 h post-stimulation). Remarkably, these two major features -the non-proliferative condition and serum synchronization-make NIH 3T3 cell cultures a very useful model of peripheral oscillator for circadian studies regardless of both cell division and systemic influences from the brain master clock.
Circadian changes in the synthesis of GPLs in synchronized NIH 3T3 fibroblasts
To determine whether the de novo biosynthesis of total phospholipids varies throughout the day we examined the time course incorporation of [ 3 H]-glycerol into GPLs in quiescent NIH 3T3 cells after serum shock. The results showed a significant daily variation in the synthesis of total GPLs (p<0.0004 by ANOVA) (Fig. 1A , Table 2 ). During the first cycle, we found elevated levels of [ 3 H]-GPLs from 4 to 22 h post serum shock and minimum levels at 29-30 h. The levels increased again at 32 h post synchronization and remained elevated until 48 h, decreasing to minimum values around 54 h (Fig. 1A) .
Daily variation in the activity of different NIH 3T3 phospholipid synthesizing enzymes
We explored the possibility that the circadian changes observed in the metabolic labeling of total GPLs in synchronized NIH 3T3 cells were due to variations in the activity of enzymes involved in the de novo synthesis of phospholipids (see Scheme 1) . For this, we determined the in vitro activities of LPAAT and PAP-1 in homogenates of synchronized NIH 3T3 fibroblasts collected every 7 h at different times ranging from 7 to 56 h (Fig. 1B-C ).
i-De novo Synthesis: Lysophosphatidic acid acyltranferase (LPAAT) activity
PA, the main precursor of GPLs, is synthesized by the acylation of lysophosphatidic acid (LPA)
catalyzed by LPAAT (see Scheme 1) . In synchronized cells, the acylation of LPA exhibited a significant temporal variation with the highest levels of PA production at 35 h post-serum stimulation. The lowest levels of PA production by acylation were found at 7-21 h and 42-56 h (Fig. 1B , Table 3 ). The statistical analysis revealed a significant effect of time on LPAAT activity (p<0.06 by K-W ANOVA).
ii-De novo Synthesis: Phosphatidate phosphohydrolase 1 (PAP-1) activity
As precursor of all GPLs, PA is dephosphorylated to DAG by PAPs to synthesize PC and PE (see Scheme 1) (22) . Although the activities of two PAP isozymes, PAP-1 and PAP-2, have been found in NIH 3T3 homogenates (data not shown), we focused on PAP-1 activity (see Methods for further details) since it is primarily involved in lipid synthesis in the endoplasmic reticulum.
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variation with the highest levels of DAG production at 7-21 and 42 h post-serum stimulation and the lowest levels at 35 and 56 h (Fig. 1C , Table 3 ). The statistical analysis showed time to have a major effect (p<0.006 by K-W ANOVA). Pairwise comparisons revealed that levels of activity at 7-21 and 42 h were significantly higher than those at 35 and 56 h. PAP-1 activity is due to the newly defined family of lipin proteins. Herein, we assessed mRNA levels for lipin-1, one of the most abundant lipin isoforms, by using primers that recognize 3 alternatively spliced transcripts of lipin-1. The results shown in Fig. 1D exhibit a similar temporal profile to that found for PAP-1 activity. Although the ANOVA did not show a significant effect of time across the 56 h examined, the pairwise comparisons revealed that mRNA levels at 7 and 42 h were significantly higher than those at 14 and 49 h.
Temporal contribution of the Lysophospholipid acyltransferase (LPLAT) activity to the GPL remodeling
In order to investigate whether the remodeling of GPLs varies across time, we assessed the activity of LPLATs involved in the reacylation of lysophospholipids (Lands´ cycle) in synchronized NIH 3T3 cells. We found a remarkable temporal variation in the activity of LPLAT for the different GPLs examined (Fig. 2 , Table 3 A-B). The statistical analysis revealed a significant main effect of time for LPLAT activity irrespective of the lysophospholipid examined (p<0.02 by ANOVA) as well as a rhythmic pattern as shown by a linear-circular correlation analysis (Table 3B) . Post-hoc comparisons demonstrated that the maximum LPEAT and LPIAT activity levels along 21-35 h differ from the minimum values at 14 and 42-49 h post synchronization, whereas the level of LPSAT activity at 28 and 56 h was higher than that from 14 to 21 and from 42 to 49 h ( Fig. 2A) . We found a significant 2-3 fold variation in LPSAT,
LPEAT and LPIAT ( Fig. 2 A-C) activities between maximal and minimal values. Even though we detected markedly distinct profiles for each lysophospholipid, the highest activity was observed during a temporal window centered at 28 h post stimulation and the lowest around 14 and 42-49 h. Remarkably, the activity peak for all LPLAT measured is in antiphase to the rhythm observed in the metabolic labeling of GPLs which display minimum levels around 28-32 and 56
h post stimulation (Fig 1A) .
Circadian changes in the labeling of PC in synchronized NIH 3T3 fibroblasts
When we specifically investigated the biosynthesis of PC, the most abundant GPL in eukaryotic cells, a significant temporal variation was observed in the incorporation of 
Temporal control of the first step in de novo synthesis of PC catalyzed by the enzyme ChoK
We investigated whether the daily changes observed in the biosynthesis of PC (Fig. 3) were associated with comparable changes in the activity and/or expression of ChoK, the first enzyme in de novo biosynthesis of PC. To this end, we first studied the activity of ChoK in NIH 3T3 cells synchronized by a 2 h-serum shock and harvested at different times during 56 h. We found a significant fluctuation across time in the in vitro production of [ 14 C]-phosphocholine (K-W ANOVA, p<0.006) (Fig. 4A, Table 3 ). The results showed an oscillating pattern of ChoK activity, with higher levels between 14-21 and 49-56 h alternating with lower activity at 7 and 35-42 h. To find out whether the observed rhythmic activity of ChoK was due to similar changes in gene expression at the mRNA level, we studied the temporal profile of ChoKα and ChoKβ transcripts by RT-qPCR during 56 h (Fig. 5 A and B , Table 3B ). The K-W ANOVA revealed a significant time effect for ChoKα mRNA (p<0.03) but not for ChoKβ transcript levels.
Moreover, the periodic analysis shown in Table 3B indicated that levels of ChoKα mRNA oscillates with a period (τ) ~ 28 h (p≤0.03) (Fig 5A, Table 3B ). Nevertheless, we were unable to detect levels of ChoKα protein by WB in the homogenates, likely due to its low expression in non-tumor derived cells (36, 57) .
Temporal control of the second step in de novo synthesis of PC catalyzed by CCT
We examined whether the daily changes observed in the biosynthesis of PC involved comparable changes in the activity and/or expression of the key enzyme CTP:phosphocholine cytidydyltransferase (CCT).
i-Temporal profiles of the in vitro CCT activity
To this end we first assessed total CCT enzyme activity in vitro by measuring the formation of The results showed a significant increase in CCT activity at 6.5 h followed by a rapid decrease to basal values between 8-34 h (Fig 4B, Table 3 ). The activity picked up again to maximum levels at 35 h post synchronization (Fig. 4B) . The K-W ANOVA revealed a significant effect of time on the enzyme activity of synchronized NIH 3T3 cell cultures (p<0.001), with a 2-fold increase in CCT activity at 6.5 and 35 h compared to the activity at all other times examined.
ii-Temporal profiles of CCT α1 and β2 mRNA expression
The daily variation found in CCT activity in the synchronized cultures of NIH 3T3 fibroblasts could be the result of equivalent changes in levels of mRNA and protein for the different CCT isoforms. We first examined the presence of the different CCT isoform mRNAs by RT-PCR.
Detectable PCR products were observed for CCTα1, CCTα2, CCTβ2 and CCTβ3 transcripts compared to positive controls (brain and testis tissues, data not shown). In order to quantify the most abundant CCT transcripts in cell cultures at different times, we assessed the expression of CCTα1 and β2 mRNAs by RT-qPCR (3). Suppl. Fig. 2 shows the relative levels of CCTα1 and CCTβ2 transcripts along 36 h of culture with highest levels at 3 and 9-12 h after serum shock, respectively. The K-W ANOVA revealed a significant effect of time for CCTβ2 mRNA expression (p<0.03) but not for CCTα1 (Table 3B) . Nevertheless, CCTα1 mRNA exhibited an elevated expression at 3 h post synchronization and then returned to basal levels. In contrast, we detected significantly higher levels of CCTβ2 mRNA at 9-12 h post synchronization and minimum expression at 18-36 h. However, the effect of time observed did not represent a significant oscillation as observed by the linear-circular correlation analysis (Table 3B) .
iii-Temporal profiles of CCTα and β protein expression and subcellular localization
We used western blot analysis (WB) (Suppl. Fig. 3 A-D) and ICC (Suppl. Fig. 3E and F bands between 49 and 37 kDa, which may correspond to the isoforms CCTβ2 (43kDa) and CCTβ3 (39kDa) respectively. These two bands displayed different temporal patterns of expression: band "a" (CCTβ2) presented a peak at 9 h that differs from those at 12-36 h (p<0.05
by M-W test) whereas band "b" (CCTβ3) substantially increasing by 9-18 h after serum shock (p<0.05 by M-W test). In contrast, though the ANOVA revealed no significant effect of time for
CCTα, M-W test indicated that levels at 3 h differ from those at other times after synchronization (p<0.05). The relative contribution of the different CCT isoforms clearly changes over time,
indicating that although CCTα peaks at 0-3 h, the two CCTβ isoforms may act in combination at particular times after serum treatment. In addition, similar changes were observed in the immunoreactivities associated with CCTα  and CCTβ proteins at the different times tested by ICC (Suppl. Fig. 3E ). Moreover, we determined that CCTα protein was mainly confined to the cell nucleus, whereas the CCTβ2/3 immunofluorescence remained outside the nucleus (Suppl. Fig. 3E ). Furthermore, the differential subcellular localization of the two proteins remained constant at all times examined.
Time-related profiles of other enzymes that contribute to the biosynthesis of PC
An alternative PC biosynthetic pathway taking place mainly in the liver has been described in which the enzyme PE N-methyltransferase (PEMT) converts PE into PC (31) . To address whether this pathway contributes to the temporal control of PC metabolism, we evaluated PEMT mRNA expression by RT-qPCR. We found that levels of PEMT mRNA displayed a rapid and transient increase in response to the serum shock; however, it did not exhibit a significant circadian rhythmicity (Suppl. Fig. 2C , Table 3 ).
In addition, the Lands cycle may also participate in maintaining PC content across time.
To this end, we investigated the temporal contribution of LPCAT activity in the production of PC in synchronized NIH 3T3 cells. We found a significant temporal variation in the incorporation of [ 14 C]-oleate into PC (p<0.02 by K-W ANOVA, Table 3 ) (Fig. 4C) . Post-hoc comparisons demonstrated that the maximum LPCAT activity at 7, 21 and 56 h significantly differ from those at 42-49 h. Moreover, the linear-circular correlation analysis showed that the activity exhibited a daily rhythmicity with a period (τ) of ~14 h (Table 3B) .
Discussion
In the present work, we described for the first time concerted and sequential changes in specific enzyme activities and/or mRNA expression for the temporal control of GPL metabolism and particularly of PC biosynthesis in synchronized fibroblasts. Nevertheless, not all the steps involved in lipid synthesis and tested here are subject to temporal regulation (see Scheme 1).
However, those steps that were shown to be regulated by internal clocks may reflect different levels of transcriptional and posttranscriptional control involving changes in mRNA and protein expression and/or activities for the different synthesizing enzymes investigated.
Immortalized cell lines constitute intriguing models of peripheral oscillators for the study of metabolic oscillations
The results presented here constitute the first report demonstrating the temporal organization of the GPL metabolism in cell-autonomous oscillators regardless of the cell cycle and influence of the central master clock. Cultures of immortalized fibroblasts synchronized by a serum shock displayed daily oscillations in the expression of clock genes (Suppl. The cultured fibroblasts used here were quiescent cells grown to confluence and then stimulated with a high concentration of serum that synchronizes endogenous clocks located in individual cells (3, 5) (Suppl. Fig.1 ). Although the 2 h-serum shock could trigger cell proliferation, the cell cycle cannot progress in confluent NIH 3T3 cells because they are inhibited by contact (60) .
Moreover, cultures maintained in a basal serum condition after the serum shock present ~90% of cells arrested at G 0 /G 1 , percentage that remained constant at the times examined (0, 2 and 24 h post-stimulation) (Suppl. Fig.1 ).
Daily variations in phospholipid biosynthesis and gene expression in synchronized NIH 3T3 cell cultures
It has been shown that fibroblasts in culture exhibit circadian rhythms in the biosynthesis of In this paper, we characterize the oscillatory behavior of GPL de novo biosynthesis and remodeling in cultured fibroblasts after serum synchronization. Fig. 1 and 3 ; Table 2 ). This finding is fully consistent with our previous report on total [ 32 P]-phospholipid labeling (4).
In order to determine whether the observed changes were a consequence of particular time-regulated enzyme activities we assessed the activity of the two key biosynthetic enzymes, LPAAT and PAP-1. Several enzymes involved in GPL metabolism have been shown to be highly regulated (42, 43, 48, (61) (62) (63) . PAP-1 (or lipin), an enzyme that plays an essential role in phospholipid metabolism, dephosphorylate PA to DAG (64, 65) . A second type of phosphatidate phosphatase is PAP-2 (or lipid phosphate phosphatase) which is mainly involved in signal transduction mechanisms (66) (67) (68) . DAG generated by PAP-1 is specifically utilized for PC, PE and triacylglycerol synthesis whereas PA is used for PI synthesis through the CDPdiacylglycerol pathway (22) (Scheme 1). Although we detected both PAP activities in the cell preparations, we focused our attention on the temporal regulation of PAP-1 activity in relation to its role in GPL biosynthesis. We found that LPAAT and PAP-1 activities exhibit significant daily variations with totally opposite profiles when assessed in synchronized NIH 3T3 preparations collected at different times (Fig. 1B-C) . Strikingly, the lowest levels of PAP-1 activity were recorded around 35 and 56 h post synchronization, times at which LPAAT showed the highest activity. Thus, the resulting PA content could be transiently utilized for other intracellular functions such as signaling or PI synthesis. In addition, similar temporal patterns with elevated PAP-1 activity and lipin-1 mRNA levels were found at other times, likely indicating that a higher DAG content can be provided for the de novo synthesis of GPLs during these phases (Fig. 1C-D , Table 3A ). Strikingly, lipin-1 has also been reported to oscillate in the liver at the mRNA level by microarray assay (69) and to act as a transcriptional co-activator on a circadian basis (70) .
The generation of lysophospholipids is a consequence not only of the prior sterification of glycerol-3-phosphate, but also of phospholipase activity as part of the well-known deacylation-reacylation cycle (25) . Table 3A ).
These observations probably reflect a differential wave of GPLs generated by acylation of LPLAT to keep the membrane homeostasis, likely to give rise to differential phospholipid content and composition in the membrane when de novo lipid synthesis is significantly decreased. This temporal variation may cause significant changes in the fatty acid composition and quality of GPLs, affecting the membrane curvature and fluidity and ultimately regulating the activity and function of different cellular processes (24) . Although the reported oscillations are driven by an autonomous clock with a period near 24 h, a few LPLAT activities (LPC and LPI ATs, Table 3 ) displayed a different period from 28 h, likely reflecting the fact that the total activity came from different acyltransferases having affinity for the same lysoGPLs, since at least 2 different LPLAT families with multiple isoenzymes have been described (24) .
We are as yet unable to firmly establish whether the changes described in the present paper are generated by changes in levels of enzyme mRNA and/or protein, by a precise temporal regulation of enzyme activities, by differential accessibility of particular substrates or simply by a combination of all these possibilities; and if the latter is the case, whether there is a particular hierarchy in the sequence of such events. Nevertheless, our findings clearly show that the de 
Time-related mechanisms modulate the biosynthesis of PC in cell cultures
Our observations constitute the first report of significant daily variations in PC biosynthesis in quiescent cultures of NIH 3T3 fibroblasts after synchronization Indeed, higher levels of precursor incorporation ([ 3 H]-glycerol or [ 32 P]-phosphate) were found during the first 5-6 h poststimulation along the first cycle and minimum labeling at 28-35 and 53-59 h (Fig. 3) . Multiple levels of control may act to regulate the metabolism of PC across time in the cultures. At this point we can hypothesize that the activation of specific key regulatory synthesizing enzymes at the level of expression and/or activity takes place at particular times after serum shock synchronization.
The variations observed in the biosynthesis of PC in synchronized cultures of fibroblasts (Fig. 3) may be due at least in part to: 1) a higher availability of DAG differentially generated by PAP-1 at certain times (Fig. 1C) ; 2) concerted changes in the activity of the regulatory enzymes ChoK and CCT (Figs. 4A-B) . In fact, both ChoK activity and expression for the ChoKα isoform mRNA exhibited a significant daily variation in the synchronized NIH 3T3 fibroblasts (Figs. 4A and 5A, Table 3 ). The lowest levels for ChoKα being recorded at 28 h post-serum stimulation and the enzyme activity displayed a delayed profile across time, likely reflecting the time required for translation. Strikingly, the ChoK has been shown to be strongly expressed in tumor cells (36) and although this enzyme is not the rate-limiting enzyme in PC synthesis, it has been proposed to function as a key regulatory enzyme (27, 32, 33) which seems to be tightly regulated in a circadian manner. Our results suggest that this enzyme may temporally control the biosynthesis of PC in synchronized cells. In addition, the temporal variation in [
biosynthesis of cell cultures (Fig. 3) is preceded by brief changes in the total activity of CCT (Fig. 4B) , the rate-limiting enzyme in the Kennedy pathway, indicating that there are other levels of regulation controlling PC content in the cell. Our findings show two sharp peaks of enzyme activity across a 36 h-time window, appearing at 6.5 and 35 h post serum stimulation with a 28.5 h separation, resembling the period previously described (4, 5) . In this respect, a diurnal variation in CCT activity was reported in the rat retina (71) as well as changes in CCT activity associated with those observed in PC synthesis (72) (73) (74) along the cell cycle in cultures of different cell lines.
The CCT levels and subcellular distribution of both CCT isoforms did not display circadian rhythmicity (Suppl. Fig. 3) showing nuclear confinement for the CCTα isoform and cytoplasmic localization for CCTβ. Thus, we may infer that the variation in CCT activity indicates the enzyme activation by posttranslational modifications and binding to the endoplasmic reticulum or nuclear membranes. (72) (73) (74) (75) ).
An alternative PC biosynthetic pathway has been described in the liver involving PEMT to catalyze the formation of PC from PE (31) . Although the contribution of PEMT activity to the synthesis of PC in NIH 3T3 cells and whether it is regulated by the endogenous clock is still unknown, we only found a rapid and transient increase in PEMT mRNA levels in response to the serum shock but no detectable circadian oscillation (Suppl. Fig. 2C ).
In addition to clock regulation, PC metabolism may also be regulated by homeostatic mechanisms such as substrate availability, the state of enzyme activities (posttranslational modifications and subcellular localization), and rate-limiting steps, among others (22) . In this respect, cellular levels of CTP, a substrate for CCT, can control PC synthesis as well as choline and phosphocholine availability and the cellular concentration of DAG (27, 32) . TCCTGGACATTGCATTGCAT 201 CCTα1 NM_009981 ATTTGACTTCGCTAGTCGGTGAC [3] TCCATCCGCATAAACTCTCACAG 331 CCTα2 AK076830 ACCATGACCGAGTAAGTATGCAGCA [3] TCCATCCGCATAAACTCTCACAG 414 CCTβ2 NM_211138 TGCCTGGGAGGAGACTCCCAGAGGG [3] GGCGCGTCTCTGATGACTTCATCCA 503 CCTβ3 NM_177546 CAGAAATGCAGCATGGACAAGGACG [3] GGCGCGTCTCTGATGACTTCATCCA [1] Extracted from (76) [2] Extracted from (77) [3] All CCT primer sequences are extracted from (38) by guest, on August 15, 2017 www.jlr.org Downloaded from Statistical analysis was performed with results from 3-4 independent experiments (n = 3/group) using Kruskal-Wallis one-way analysis to test the time effect (A) or a periodic analysis by linear-circular correlation with the Spearman coefficient followed by an aleatorization test (B). Amplitude (%) was calculated as the Δx/x av ratio in which Δx = the difference between the media of results at all times examined considered as 100 % (x av ) and the lowest values of mRNA expression, and the media of results at all times examined (x av ). The times at which maximum and minimum values were found for each precursor are also included to denote the periodicity of each variation along the 56 h examined. NS*:
values for CCTα1 and PEMT mRNAs at times of peak differed from other times examined by Mannby guest, on August 15, 2017 www.jlr.org Downloaded from
